ABSTRACT As an effective solution to the tradeoff between array size and the number of antenna elements, dual-polarization antenna is widely utilized in massive MIMO systems. However, the existing channel state information (CSI) feedback schemes are not suitable for dual-polarized massive MIMO as they ignore the polarization leakage between the polarization directions, causing significant performance degradation. To facilitate accurate channel acquisition, this paper proposes a practical channel model for dual-polarized massive MIMO by taking polarization leakage into consideration. The model formulates the channel as the sum of two components, i.e., the ideal polarization channel and the polarization leakage channel between the polarization directions. Based on the channel model, the eigenvector structures of both the ideal polarization channel and the polarization leakage channel are analyzed. Moreover, two novel CSI feedback schemes are also designed, i.e., explicit feedback scheme (EFS) and implicit feedback scheme (IFS). In EFS, the parameters determining the eigenvectors of the two channels are fed back explicitly, while the two channels are fed back using predetermined codebook in IFS. Extensive link level and system level simulations are conducted to validate the performance of the proposed schemes and the results show that they significantly outperform the existing CSI feedback schemes.
Given a form factor, the number of antenna elements is inversely proportional to antenna spacing. A minimum spacing should be kept between adjacent antenna elements to avoid correlation but small array size is preferred in practical deployment. As antennas with different polarization directions are uncorrelated even if they are deployed at the same spot, dual-polarized antenna is a good solution to the tradeoff between the number of antennas and array size, and thus is widely used in massive MIMO.
Another crucial factor for the performance for massive MIMO is the accuracy of CSI. In massive MIMO systems, CSI is usually estimated at the receiver and fed back to the transmitter [6] , which uses CSI for various purposes such as scheduling and precoding. In long-term evolution (LTE), the CSI feedback contains a channel quality index (CQI), a rank index (RI) and a precoding matrix index (PMI) [7] . CQI indicates the preferred modulation scheme and code rate, RI shows the rank of the MIMO channel, and PMI provides the preferred precoding matrix out of a pre-defined set of matrices [7] . In closed-loop MIMO systems, inaccurate CSI can result in severe degradation of the beamforming gain, as the interference among layers and users is cannot be fully canceled.
For CSI acquisition, limited feedback techniques are commonly used in massive MIMO (e.g. [8] [9] [10] [11] ), in which eNodeB acquires CSI based on the PMI feedback of UE. The most essential problem in limited feedback techniques is the design of the codebook, which contains all possible PMIs. The codebook needs to be small to reduce feedback overhead but also to describe the channel condition accurately for good performance. There are two methods for codebook design. One is Grassmanian line/subspace packing, which utilizes information from the connection between Grassmannian line packing and quantized beamforming to find constructive methods for designing codebooks [12] [13] [14] , Another is to adapt vector quantization (VQ) techniques in source coding and send only the index of the codeword, which achieves significant compression [15] , [16] .
For dual-polarized massive MIMO systems, the codebook is typically designed based on an analysis of the channel model to match the channel characteristics. For example, an efficient Grassmannian quantization codebook is designed based on the sequential smooth optimization on the Grassmannian manifold in [17] . Zhu et al. and Leung et al. used the discrete Fourier transformation (DFT) to match the phase difference in codebook design, as the DFT-based beamforming weight vector is considered simple and effective for spatially correlated channels [18] , [19] . Some researchers address the problem of codebook design for correlated channels using the statistical information about the spatial correlation among the antennas to reduce feedback overhead [20] [21] [22] [23] . Antenna polarization is also considered explicitly in the design of codebook in [24] [25] [26] , which has became the conventional choice of massive MIMO deployment. LTE-A analyzes the feature of polarized channel, and a set of codewords are derived to match the ideal dual-polarized channel [25] , [26] . However, to the best of our knowledge, there is no existing research on the codebook design for imperfect dual-polarized massive MIMO.
In this paper, a model for imperfect dual-polarized channel is formulated, which treats the channel as a combination of the ideal polarization channel and the polarization leakage channel. Based on the channel model, the influence of polarization leakage on CSI feedback is analyzed. The optimal channel feature vectors and precoding weights for imperfect dual-polarized channel are derived, and two novel feedback schemes are proposed. In the explicit feedback scheme (EFS), parameters determining the eigenvectors of the ideal polarization channel and the polarization leakage channel are fed back explicitly through quantization. In the implicit feedback scheme (IFS), the ideal polarization channel and the polarization leakage channel are fed back using predetermined codebook. Extensive simulations are conducted to validate the performance of the proposed feedback schemes.
Our contributions are three-fold. The first is a general model for imperfect dual-polarized channel, which could provide insights for the design of feedback schemes. The second is the two feedback schemes based on the detailed analysis of the characteristics of imperfect dual-polarized channel. Lastly, we conduct extensive simulation to validate the performance of the proposed feedback shemes.
The remainder of the paper is organized as follows. Section II introduces the system model. The quantization efficiency of existing codebooks is analyzed in Section III and the model of imperfect dual-polarized channel is formulated in Section IV. Section V presents our two feedback schemes, i.e., EFS and IFS. Simulation results are presented in Section VI while Section VII concludes the paper. 
II. SYSTEM MODEL
Considering a MIMO system which employs transmit beamforming and receive combining respectively, the transmitter and receiver utilize M t transmit antennas and M r receive antennas, respectively. As dual-polarized antennas are used, M t and M r are assumed to be even numbers. The antenna configuration is shown in Fig.1 , where the V Ant denotes antennas with vertical (V) polarization and H Ant denotes antennas with horizontal (H) polarization. Besides vertical and horizontal polarization, other polarization modes, such as (+/−45) degrees are also possible as long as the two polarization directions are orthogonal. On transmitter side, the data symbols s are precoded with p and transmitted via polarized antennas along with the pilot signals. On the receiver side, the channel matrix is estimated from the pilot signals and the optimal precoding matrix is obtained accordingly. The optimal precoding matrix is then quantized and fed back to the transmitter via the feedback link with limited capacity. The transmitter uses this precoding matrix for the next transmission.
We assume the fading is flat, which means the channel is constant in the considered frequency range. Note that this assumption generally holds as we can divide the working VOLUME 6, 2018 band of the system into sub-bands and feedback a CSI for each sub-band independently. The channel matrix can be modeled by the input-output relation from V to V, V to H, H to H, and H to V polarized waves.
We can express the received signal y at the receiver as: where z * is the M r -dimension unit-norm receive combining vector at UE, p is the M t -dimension unit-norm beamforming vector at evolved Node B (eNodeB), n is the M r dimension noise vector, which contains independent and identically distributed (i.i.d.) entries of Gaussian noise, s is the transmitted symbol with unit energy E s (ss H ) = 1 and ρ is signal to noise ratio (SNR). Channel H is a dual-polarized MIMO channel parameterized by a parameter κ [10] , the cross polarization power ratio in linear scale, which can be expressed as
where • denotes the Hadamard product between two matrices. H w ∈ C M r ×M t denotes the single-polarized channel, which models a channel with no power imbalance between the polarization directions. X ∈ C M r ×M t is a matrix describing the power imbalance between the orthogonal polarization directions, which is determined by parameter κ ∈ (0, 1). κ is the inverse of the Cross-Polarization Discrimination (XPD), and XPD ∈ (1, +∞). XPD is a ratio between the co-polarized average received power and the cross-polarized average received power. The relation between X and κ can be formulated as
Where denotes the Kronecker product between two matrices. If H w is modeled based on channel rays and the UE is assumed stationary, the channel between an arbitrary antenna pair (u, s) can be expressed as (2.4), which is derived by extending the channel model in [27] to 3D.
where n denotes the index of clusters and m denotes the index of rays. ϕ n,m and γ n,m are the horizontal and vertical angle of arrival for ray m in cluster n, respectively. φ n,m and θ n,m denote the horizontal and vertical departure angle at ray m in cluster n. F rx,u,V and F rx,u,H are the antenna gain in the vertical and horizontal polarization directions and they are functions of ϕ n,m and γ n,m . d s and d u are the uniform distances (m) between transmitter antenna elements and receiver antenna elements, respectively. λ 0 is the wavelength of the carrier frequency. exp(j vv n,m ) and exp(j hh n,m ) denote the random phase of each ray in the vertical and horizontal polarization direction, whereas exp(j vh n,m ) and exp(j hv n,m ) denote the random phase of polarization leakage. 1×3 vectors r u andr s denote the coordinates of the transmit and receive antennas in the space.¯ n,m and¯ n,m are the vectors of the Angle-of-Arrival (AoA) and Angle-of-Departure (AoD). P n denotes the power of the n-th ray.
For the received signal in (2.1), we assume the maximalratio combiner (MRC) is adopted at the receiver, which uses z * = (Hp) H / Hp and maximizes the SNR γ given by (2.5).
To maximize γ , codebook design can be formulated as
Currently most researches assume that there is no polarization leakage between the polarization directions, which means κ = 0. Without polarization leakage, the crosscorrelation of the channel is block-diagonal, which is the basis of many feedback designs. The cross-correllation matrix of highly-correlated channel and non-correlated channel under dual-polarized massive MIMO are analyzed in [25] and [26] , which shows they are far from block-diagonal.
The assumption of no polarization leakage is highly impractical. Typical XPR is between 7.2dB and 8dB, which means κ is between −7.2dB and −8dB [28] . In [29] , it is reported that the outdoor to indoor (O2I) polarization leakage of the 3D-UMi and 3D-UMa channel follow Gaussian distribution with a mean of 9dB and standard deviation of 11dB. Polarization leakage can damage the characteristics of the eigenvectors, making existing channel model fail to match the eigenvectors. Therefore, when designing codebooks for dualpolarized channel, polarization leakage should be considered.
III. CODEWORD MODEL FOR PERFECT DUAL-POLARIZED CHANNEL
For an ideal polarization channel with κ = 0, the analysis in [25] and [26] 
The performance of ideal polarized channel model can degrade severely due to polarization leakage. When M t is small, the performance degradation caused by polarization leakage is negligible as the beam generated by precoding or beamforming is wide. As M t increases, the beam becomes narrower. If the eigenvector model derived from ideal dual-polarized array is employed for codebook design, the performance degradation can be significant.
We demonstrate the performance of the codeword based on the aforementioned eigenvector model with simulations. We set Tx antenna number as 32 and 64, and Rx antenna number as 2. Moreover, we set XPR=5dB, i.e., κ = −5dB. The quantization performance is evaluated by the chord distance (d) between the codeword and the real channel eigenvector. d=0 corresponds to the case in which there is no quantization error. We assume that there is no overhead limit for the feedback of v i , v j and α. The CDF of d is shown in Fig.2 . The results show that for 32 Tx, the probability that the chord distance between the codeword and the channel eigenvector is larger than 0.5 is approximately 53%, whereas the probability is 60% for 64 Tx. These results reveal the large quantization error of the aforementioned codeword. As d=0.5 means a 3dB loss in beamforming gain, the SNR γ can be degraded by more than 3dB. XPR=5dB is just a typical value, the κ can be much larger in practice which suggests more severe performance degradation. In conclusion, the performance of the feedback model can be significantly degraded if polarization leakage is ignored. Thus we need a channel model and feedback scheme that take polarization leakage into consideration.
IV. MODEL FOR IMPERFECT DUAL-POLARIZED CHANNEL
We consider a N t × 2 massive MIMO system which is mostly typical in practice as UE does not have enough space to hold more antennas at low frequency. The transmitter is typically (+45/−45) degree dual-polarized, and the receiver is (90/0) degree dual-polarized. According to the channel model in (2.4), the frequency domain channel matrix can be formulated as (4.1) under the assumption of flat fading
where e −j2πf i τ n,m is the coefficient corresponding to the channel delay, f i denotes the carrier frequency, τ n,m denotes the delay of a path and A n,m denotes the amplitude of that path. v θ n,m is a vector determined by the Tx antenna topology, which models the phase relationship among antennas caused by multiple path fading. For typical ULA, v θ n,m is a DFT vector which can be expressed as follows
where d is the ratio between antenna spacing and wave length, and θ n,m is the azimuth angle of the path.
When the transmit antenna is a N t,v vertical and N t,h horizontal dual-polarized antenna with where φ n,m is the vertical angle of the path. P(xz n,m ) models the random phase and projection between the polarization directions of the Rx and Tx antennas.
P t r is the polarization of the projection matrix, whose superscript and subscript are the polarization angles of the Tx antenna and Rx antenna, respectively. In our model, we have
It is difficult to analyze equation (2.2) due to the Hadamard product. We rewrite the channel model as follows
where H x is the ideal dual-polarized channel, and √ κH z is the polarization leakage channel.
Combining (4.4) and (4.6), we have
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Based on (4.6), we want to obtain the optimal Tx precoding vector, which is the right singular vectors of H. Therefore, we investigate H H H, whose eigenvectors are the right singular vectors of H. In our model, we decompose the channel into the ideal and non-ideal part, which is convenient for the design of feedback schemes as will be shown in the next section.
V. MULTI-COMPONENT CSI FEEDBACK SCHEMES
Recall H H H in (4.13), according to the analysis in Section IV, for the antenna configuration with t = (45, −45) and r = (0, 90), H H H can be expressed as
where the expressions for block A, B, C, D, E and F are provided as (5.17)∼(5.22) in Appendix B.
When κ is small, the last two terms in (5.1) tend to 0. However, as κ increases, the impact of the last two terms in (5.1) on the eigenvalues and eigenvectors becomes more significant. Note that channel eigenvalues monotonically increase with κ. Based on the channel model, two feedback schemes are designed for non-ideal dual-polarized channel. One is explicit feedback, which feeds back the ideal and non-ideal components of the channel directly. This scheme provides sufficient information to reconstruct H H H and is more efficient when the number of antenna is large. The implicit feedback scheme feeds back the components of H H H based on codebook, which has higher quantization efficiency.
A. EXPLICIT MULTI-COMPONENT CSI FEEDBACK SCHEME Explicit scheme quantizes H H H and feeds it back. Note that the three components of H H H in (4.13) are all Hermitian matrices, which can be reconstructed with their eigenvalues and eigenvectors. Therefore only the eigenvalues and eigenvectors need to be fed back rather than the entire matrix. Feeding back all three matrices in (4.13) explicitly may lead to large overhead, the conventional way is to ignore the 2 nd and 3 rd matrix. Thus the channel model is simplified to Model 1:
However, based on the previous analysis and simulations, Model 1 fail to consider the polarization leakage and may lead to significant performance degradation when the number of Tx antennas is large. Nevertheless, feedback design may suffer from large overhead if all the three components in (4.13) are fed back. In order to enhance performance without significantly increasing the overhead, we can abandon the 2 nd or 3 rd component in (4.13) in CSI feedback. The results are the following two models. 
Model 2:
H H H ≈ A + κC B + κD B + κD A + κC (5.3)
Model 3:
The two eigenvalues are
where ϕ x i and φ x i follow a uniform distribution in the range of [0, 2π ]. Therefore, we have
can be analyzed in a similar way to
Note that V x , V z and V χ have the same parameter v H θ i , which contains the direction information of the i-th ray, and A i which contains the amplitude information of the i-th ray. Those parameters can be provided by long term and wide band feedback. Only phase parameters 
B. IMPLICIT MULTI-COMPONENT CSI FEEDBACK SCHEME
Besides quantizing the eigenvectors of the channel matrix directly, we can also construct the optimal precoder p final by combining several codewords selected from multiple codebooks. Note that (4.13) can be rewritten as
For Rank-1 feedback, the upper bound is
The approximation above decomposes the problem of deriving the optimal p opt into two sub-problems, i.e., deriving VOLUME 6, 2018 the optimal p 1 for A + κC B + κD B + κD A + κC and the optimal p 2 for F E E −F . The resultant precoder p opt is a combination of p 1 , p 2 , Given weight phase ϑ and the weight amplitude K , the final precoding vector can be expressed as
The two codebooks correspond to the eigenvector of different matrices. Thus the codebook models are different, which We assume that v
2 takes 8bit per vector. As a result, when we don't consider the polarization leakage, the feedback overhead is 16bit. When we consider the polarization leakage, the feedback overhead is 38bit.
This scheme is suitable for channel dimensions that are not very large and scattering, when the number of effective multipath is large, such as 8, 12, 16, 32, etc.. If we use the explicit approach, the cost will be high under large N . Although the accuracy is inferior compared with the explicit scheme, the overall overhead of the implicit scheme can be controlled under reasonable budget.
VI. PERFORMANCE EVALUATION
In this section, the performance of the proposed feedback schemes are validated using simulation.
A. LINK LEVEL PERFORMANCE EVALUATION
In this sub-section, we present the results of link-level simulations. The channel is generated following the channel model in [27] . CSI is quantized with the proposed schemes, and quantization performance is evaluated by the chord distance between the quantized channel vector and the real channel vector. According to the definition, smaller chord distance means more accurate CSI and vice versa.
1) EXPLICIT MULTI-COMPONENT CSI FEEDBACK
We evaluate the performance of explicit CSI feedback Model 1, Model 2 and Model 3 under different XPR. The antenna is a uniform linear array (ULA) containing 1 × 32 dual-polarized antennas, which is often used in reality. Feedback Model 1 ignores the polarization leakage, whereas feedback Model 2 and Model 3 takes polarization leakage into consideration. Since our goal is to evaluate different feedback models, ideal quantization of the multipath amplitudes and directions are assumed. The simulation is conducted with XPR=0dB, 3dB, 5dB and 8dB, and the results for correlated and uncorrelated channels are shown in Fig. 3 and Fig. 4 , respectively.
It can be observed that for correlated channels, the performance of the multi-component CSI feedback based on Model 2 and 3 is much better than single component CSI feedback based on Model 1. Moreover, when polarization leakage is large, the performance of Model 3 is very close to Model 2. However, when polarization leakage is small, Model 3 has better performance than Model 2 in Fig.3 (a), (b) , (c). In general, the chord distance actually measures the loss in beamforming gain. It can be observed that for uncorrelated channels, the performance of the multicomponent CSI feedback is similar to that of the correlated channel. However, compared with correlated channel, the performance gain for the uncorrelated channel is larger.
2) IMPLICIT MULTI-COMPONENTS CSI FEEDBACK
The performance of implicit feedback schemes is also evaluated. We compare the performance of the feedback approaches based on a single codebook and two codebooks. DFT vectors for correlated channel and 8-bit random vectors for uncorrelated channel. We utilize 4 bits to quantize the phase and amplitude, respectively. The performance of the two approaches is plotted in Fig.5 and Fig.6 . For correlated channel, when the antenna number is large, single-component CSI feedback has very poor performance while multiple component CSI feedback based on two codebook has much better performance. For uncorrelated channel, the performance is similar to the correlated channel. Furthermore, it can be seen that since the overhead is limited, implicit feedback offers inferior performance compared to explicit feedback.
B. SYSTEM LEVEL PERFORMANCE EVALUATION
We simulate the feedback schemes under antenna topology (M , N , P, Q) = (8, 4, 2, 64), where M is the number of vertical antennas, N is the number of horizontal antennas, and P=2 means dual polarization. The simulation scenario is 3D-UMi /3D-UMa. See Appendix D for more details of the simulation. 
1) EXPLICIT MULTI-COMPONENTS CSI FEEDBACK
The performance is reported in 44.85%∼52.79% performance gain on the mean UPT and 103.57%∼137.01% performance gain on the 5% UPT.
2) IMPLICIT MULTI-COMPONENTS CSI FEEDBACK
The performance is reported in TABLE 5.
It can be observed that the multiple-component CSI feedback based on two codebook has 9.72%∼12.38% performance gain on the mean UPT and 22.47%∼29.89% performance gain on the 5% UPT.
VII. CONCLUSION
In this paper, an analytical model for dual-polarized massive MIMO with polarization leakage is formulated. The covariance matrix of the channel is decomposed into two components, i.e., the ideal polarization channel and the polarization leakage channel. On this basis, we analyze each of the two components and derive expressions of their eigenvectors, then propose explicit and implicit feedback schemes. Compared with feedback schemes for ideal polarization channel, simulation results prove the proposed schemes provide significantly improved performance with marginal increase in feedback overhead.
APPENDIX A EXPRESSIONS OF THE TERMS IN (4.13)
Expressions (4.14)-(4.17) are shown at the bottom of this page. When we consider the polarization leakage, the expenses of constructing the eigenvectors of H H x H x as follows: N = 2: 1×3 bit amplitude ratio + 1 × 2 bit phase difference + 2 × 8 bit direction vector + 1 × 2 bit phase difference in the polarization leakage part = 23 bits. N = 3: 2×3 bit amplitude ratio + 2 × 2 bit phase difference + 3 × 8 bit direction vector + 2 × 2 bit phase difference in the polarization leakage part = 38 bits.
APPENDIX B EXPRESSIONS OF THE TERMS IN (5.1)
As a result, the expenses of constructing the eigenvectors of H H x H x is 15N-7.
APPENDIX D SIMULATION SETTING FOR SYSTEM LEVEL EVALUATION
See 
